To compare surgically induced astigmatism (SIA) among glaucomatous eyes treated with trabeculectomy (LEC), EX-PRESS ® shunt (EXP), ab externo trabeculotomy (exLOT), or microhook ab interno trabeculotomy (μLOT). Subjects and methods: Eighty right eyes of 80 subjects who underwent LEC (n=20), EXP (n=20), exLOT (n=20), or μLOT (n=20) were included. The dataset including the best-corrected visual acuity (BCVA), intraocular pressure (IOP), and keratometry recordings preoperatively and 3 months postoperatively was collected by chart review. The means of the vector magnitude, vector meridian, and arithmetic magnitude of the preoperative and postoperative astigmatism and SIA were calculated. The correlations among the SIA magnitude, postoperative BCVA, and IOP were assessed.
Introduction
Trabeculectomy (LEC) remains the standard surgical procedure for glaucoma when medical and laser treatments fail to control the intraocular pressure (IOP). The astigmatic changes after LEC can lead to decreased visual acuity (VA) 1 and might be distress for patients. As a result, a number of investigators have studied corneal refractive changes or astigmatism induced by LEC. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] However, few studies have reported the impact of surgically induced alterations in keratometry resulting from other glaucoma surgeries such as the EX-PRESS ® shunt (EXP) (Alcon Japan, Tokyo, Japan), ab externo trabeculotomy (exLOT), and minimally invasive glaucoma surgery (MIGS).
We compared the surgically induced astigmatism (SIA) among four glaucoma surgeries, that is, conventional (LEC) and novel (EXP) filtration surgeries, conventional nonfiltration surgery (exLOT), and novel MIGS (ie, microhook ab interno trabeculotomy [μLOT] ). This retrospective study included 80 right eyes of 80 consecutive subjects who underwent LEC (n=20), EXP (n=20), exLOT (n=20), or μLOT (n=20) at Matsue Red Cross Hospital between April 2014 and July 2016. The patients who met the inclusion criteria were selected from our division's glaucoma database in a chronological order of surgical date to include 20 eyes in each of the surgical groups. The criteria common for all four surgical groups included the following: the availability of data from the right eye; the patients underwent one of the four glaucoma surgeries performed by the same surgeon (MT); the patients did not undergo a simultaneous cataract surgery or other procedures; and the recorded data included the best-corrected visual acuity (BCVA), IOP, and keratometry recordings obtained preoperatively and 3 months (2-4 months) postoperatively. The BCVA measured using a decimal VA chart was converted to the logarithm of the minimum angle of resolution (logMAR) VA. The IOP was measured by Goldmann applanation tonometry. The keratometry was recorded at the central 3 mm diameter by autorefractor keratometer (RC5000; Tomey, Nagoya, Japan).
The current study was conducted as part of a study protocol titled "Epidemiologic study in ocular morphology and function", approved by the institutional review board of Matsue Red Cross Hospital; the study adhered to the tenets of the Declaration of Helsinki. The ethics committee waived the requirement for the patients' informed consent regarding the use of their medical record data in accordance with the regulations of the Japanese Guidelines for Epidemiologic Study issued by the Japanese Government, and instead, the protocol was posted at the outpatient clinic to notify participants of the study. Only the anonymized data were used in the statistical analyses.
surgical procedure
All surgeries were performed under miosis induced by topical 1% pilocarpine (Sanpilo; Santen Pharmaceutical, Osaka, Japan) and standard sub-Tenon anesthesia using 2% lidocaine. At the end of surgery, 1.65 mg of dexamethasone sodium phosphate (Decadron; Aspen Japan, Tokyo, Japan) was injected subconjunctivally and 0.3% ofloxacin ointment (Tarivid; Santen Pharmaceutical) was applied. Finally, 1.5% levofloxacin (Nipro, Osaka, Japan) and 0.1% betamethasone (Sanbetason; Santen Pharmaceutical) were applied topically four times daily for 3-4 weeks postoperatively in all cases.
leC Surgery was performed in the superonasal quadrant. After creation of a conjunctival peritomy of less than one quadrant, a half-thickness ~3-4×~3-4 mm 2 first scleral flap was created. After the first flap was dissected, 0.04% mitomycin C was applied for 3 minutes followed by rinsing with 100 mL of balanced salt solution. Under the first flap, a second flap of fourfifth thickness was created inside the scleral bed of the first flap, and then the trabecular tissue was excised en bloc in the second scleral flap. After a peripheral iridectomy was performed, the first scleral flap was closed with four interrupted 10-0 nylon sutures (Mani, Utsunomiya, Japan). The conjunctiva was readapted with 10-0 absorbable sutures (Vicryl; Johnson & Johnson, New Brunswick, NJ, USA). Depending on the IOP level and bleb formation, laser suture lysis was started 3 days postoperatively and ended by 1 month postoperatively. Typically, suture lysis was performed when the IOP exceeded 12 mmHg.
eXP Surgery was performed in the superonasal quadrant. 13 After a conjunctival peritomy was created, a halfthickness ~3-4×~3-4 mm 2 scleral flap was created. A model P-50 EX-PRESS shunt was inserted under the scleral flap into the anterior chamber through a scleral tunnel created using a 25-gauge needle. Before shunt insertion, 0.04% mitomycin C was applied for 3 minutes followed by rinsing with 100 mL of balanced salt solution. The scleral flap then was closed with three interrupted 10-0 nylon sutures (Mani, Utsunomiya, Japan). The conjunctiva was readapted with 10-0 absorbable sutures (Vicryl, Johnson & Johnson). Laser suture lysis was performed as described for the LEC procedure.
exlOT Surgery was performed in the inferonasal quadrant.
14 After the conjunctival peritomy was created, a half-thickness 4×4 mm triangular first scleral flap was created. Under that flap, a second flap of four-fifth thickness was created inside the scleral bed of the first flap. Schlemm's canal was then exposed, and the outer wall of Schlemm's canal was excised en bloc in the second scleral flap. Metal trabeculotomes (M-80A-15; Inami, Tokyo, Japan) were inserted into Schlemm's canal from both openings at the sidewalls of the scleral lake and rotated into the anterior chamber to incise the inner wall of Schlemm's canal and the trabecular meshwork. The trabeculotomy extended about one-third of the circumference. The first scleral flap was closed with three interrupted 10-0 nylon sutures (Mani). The conjunctiva was readapted with 10-0 absorbable sutures (Vicryl; Johnson & Johnson).
μlOT
The surgery was performed through two corneal side ports.
11,12 A spatula-shaped microhook designed specifically 
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surgically induced astigmatism and glaucoma for use during μLOT was used (M-2215; Inami). Viscoelastic material (1% sodium hyaluronate; Opegan Hi; Santen Pharmaceutical) was injected into the anterior chamber through the clear corneal ports created using a 20-gauge micro-vitreoretinal knife (Mani) at the 2-3 and 9-10 o'clock positions. A microhook was inserted into the anterior chamber through the corneal port using a Swan-Jacob gonioprism lens (Ocular Instruments, Bellevue, WA, USA) to observe the angle opposite to the corneal port. The tip of the microhook was then inserted into Schlemm's canal and moved circumferentially to incise the inner wall of Schlemm's canal and trabecular meshwork over 3 clock hours. Using the same procedure, trabeculotomy was performed in the opposite angle using a microhook inserted through the other corneal port. The trabeculotomy extended about two-thirds of the circumference. After the viscoelastic material was aspirated bimanually, the corneal ports were closed by corneal stromal hydration.
Calculation of astigmatism parameters
The preoperative and postoperative astigmatism levels and SIA were calculated from the keratometric values obtained preoperatively and 3 months postoperatively using the SIA Calculator Version 2.1 developed by Drs Saurabh Sawhney and Aashima Aggarwal (http://www.insighteyeclinic.in/SIA_ calculator.php) 15 based on the vector analysis algorithm. 16, 17 Before the analysis, all the keratometric astigmatism values were converted into plus-cylinder format. The means of the vector magnitude, vector meridian, and arithmetic magnitude of the preoperative and postoperative astigmatism and SIA values were obtained in each surgical group. The distributions of the SIA in each surgical group were visualized on a scatter plot using the Astig PLOT application (http:// www.edmondoborasio.com/Doctor_Edmondo_Borasio/ Astig_PLOT.html).
statistical analysis
The age, BCVA, IOP, and three astigmatism parameters were compared among the four surgical groups by one-way analysis of variance (ANOVA) followed by a comparison between each pair of groups using the post hoc Student's t-test. In ANOVA, P,0.05 was considered significant. In the post hoc test, based on Bonferroni's method to correct multiple comparisons, P,0.0083 and P,0.0017 were considered significant at the probability levels of 5% and 1%, respectively. Sex was compared among the four surgical groups using the chi-square test. The possible correlations among the SIA magnitude, postoperative BCVA, and IOP were assessed using the Spearman's rank correlation test; to correct multiple comparisons, P,0.00167 and P,0.0033
were considered significant at the probability levels of 5% and 1%, respectively. All continuous data were expressed as the means ± standard deviations. All statistical analyses were performed using the JMP version 11.0 statistical software (SAS Institute, Inc., Cary, NC, USA).
Results
The demographic data obtained from subjects included patient age, sex, glaucoma type, preoperative and postoperative BCVA, and IOP (Table 1) . The preoperative and postoperative BCVAs were significantly worse in the LEC group compared with the other three groups. The postoperative IOP was significantly (P=0.0016) lower in the LEC and EXP groups than in the μLOT group. The astigmatism parameters calculated are summarized in Table 2 and Figure 1 . The arithmetic magnitudes of astigmatism did not differ significantly (P=0.0732, ANOVA) among the four groups preoperatively; the arithmetic magnitude of astigmatism was significantly (P=0.0002, ANOVA) higher in the LEC group than in the other three groups postoperatively. The mean SIA vectors were calculated to be 1.01 D, 0.62 D, 0.23 D, and 0.12 D for the LEC, EXP, exLOT, and μLOT groups, respectively. The SIA was on the superonasal to inferotemporal meridians in the LEC and EXP groups and on the superotemporal to inferonasal meridians in the LOT group. The arithmetic magnitude of astigmatism was significantly (P,0.0001, ANOVA) higher in the LEC group than in the other groups. The SIA magnitudes and meridians varied among the patients in the LEC group and were more uniform in the exLOT and μLOT groups (Figure 1) .
The SIA magnitude was correlated positively with the logMAR BCVA (r=0.3538) and negatively with the IOP (r=-0.3265), and the logMAR BCVA was correlated negatively with the IOP (r=-0.3105) at 3 months postoperatively (Table 3) .
Discussion
Few reports have compared the SIA among different glaucoma surgeries 7, 8 or between modified techniques of the same glaucoma surgery. 5 In the current study, the SIA magnitude in the LEC group did not differ markedly from the SIA values obtained from the previously reported vector analysis at 1-6 months after LEC. 7, 10 Thus, our results indicated that the EXP, exLOT, and μLOT surgeries induce less astigmatism than LEC.
We observed oblique astigmatism in three surgical groups; the SIA meridians were directed to the location of the scleral flaps (ie, superonasally in the LEC and EXP groups and inferonasally in the exLOT group). After LEC, 
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Tanito et al most authors have observed a with-the-rule (WTR) shift in the corneal astigmatism. [2] [3] [4] 9, 10 In those studies, a scleral flap was created at the superior limbus. The evidence suggested that the scleral flap itself affects the direction of the SIA meridian after the glaucoma surgeries. The reason for astigmatism induction after LEC remains unclear, but a couple of mechanisms have been postulated. First, the astigmatism shift might be due to a surgically induced gape around the scleral flap rather than the number of flap sutures. 1 A second possibility is that when tissue is removed from under the scleral flap and then is sutured back, the flap approaches the corneal edge and allows the unsupported corneal edge of the LEC opening to sink slightly. 2 The first mechanism should be associated with the procedures in which scleral flaps are created. However, because no tissue was removed, the second mechanism was absent in the EXP surgery. Thus, absence of the second mechanism can explain the lower SIA in the EXP procedure compared with the LEC in this study.
The current study found a significant association between higher SIA and lower IOP level. Delbeke et al reported a significant (r=-0.49, P=0.001) correlation between the magnitude of astigmatism and the IOP level, 1 month after LEC, ) for the categorical variables. in the post hoc test, based on Bonferroni's method to correct multiple comparisons, P,0.0083 and P,0.0017 are considered significant at the probability levels of 5% (*) and 1% (**), respectively. El-Saied et al did not find a significant association between the astigmatic change and percentage decrease in IOP. 8 Accordingly, the SIA likely is associated with the low IOP level itself rather than the changes in IOP. 8 The eye is probably more susceptible to deformation when the IOP is the lowest, and the lower IOPs achieved after filtration surgeries were associated with higher SIA and worse VA in this study. Hugkulstone did not find a significant association between the postoperative changes in corneal radii and the final VA in a small study of LEC (n=10), although the details of the analysis (ie, statistical method used and the conversion or lack of conversion of the VA into logMAR) were unknown. 1 Our observation seems reasonable because we sometimes see poor VA due to corneal astigmatism in our patients. Our observation also agreed well with a previous observation of early recovery of the BCVA and less variations in the IOP after EXP compared with after LEC. 18 We created a rectangular scleral flap in the LEC and EXP procedures as reported in previous studies that assessed the postoperative astigmatism.
1,2,4-7 while we created a triangular flap in the exLOT procedure. Because of the ease of readaptation of the posterior flap edge, a triangular flap might be less associated with the first mechanism than the rectangular flap, but this needs to be tested. As indicated in the descriptions of the surgical procedures, the second scleral flap was excised during the exLOT procedure, which is identical to the lake created during the deep sclerectomy, viscocanalostomy, and nonpenetrating LEC. 7 Nonpenetrating glaucoma surgery is associated with less SIA than penetrating LEC. 7 Because the tissue was not perforated under the flap, the second mechanism in the exLOT procedure might not be as significant as in the LEC procedure, thus partly explaining the lower SIA in the exLOT procedure than in the LEC procedure in our study.
The SIA after μLOT did not differ greatly from that after microincisional cataract surgery (mean SIA magnitude, 0.42 D after a 1.8 mm incision coaxial phacoemulsification and 0.5 D after 1.7 mm incision bimanual phacoemulsification). 19 Conjunctival and scleral sparing with the ab interno technique, short surgical time, moderate IOP reduction, and no bleb-related complications of μLOT 11, 12 fulfill the conditions of MIGS, 20, 21 as with the recent techniques of ab interno trabeculotomy/LEC and gonio-bypass surgeries such as the ) followed by comparison between each pair of groups using the post hoc student t-test ( ‡ ). in the post hoc test, based on Bonferroni's method to correct multiple comparisons, P,0.0083 and P,0.0017 are considered significant at the probability levels of 5% (*) and 1% (**), respectively. Astigmatism data are expressed as the mean ± standard deviation. Abbreviations: leC, trabeculectomy; eXP, eX-Press ® shunt; exlOT, ab externo trabeculotomy; μLOT, microhook ab externo trabeculotomy; CI, confidence interval.
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Tanito et al rabectome (NeoMedix Corp., Tustin, CA, USA), 22 iStent (Glaukos, San Clemente, CA, USA), 23 gonioscopy-assisted transluminal LOT, 24, 25 canaloplasty, 26, 27 dual-blade LEC (New World Medical Inc., Rancho Cucamonga, CA, USA), 21, 28 and TRAB360 surgery (Sight Sciences Inc., Menlo Park, CA, USA). Other than the two previously described mechanisms of the astigmatism after LEC (ie, surgically induced gape around the scleral flap and creation of unsupported corneal edge), the postulations about the mechanisms of SIA include tissue contraction around the LEC site secondary to extensive scleral cautery, 4 the wound-healing process 
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surgically induced astigmatism and glaucoma of the subconjunctiva, 5, 6 and corneal steepening provoked by the pressure of a large drainage bleb under the eyelid. 4 None of these mechanisms is present in the recent MIGS procedures; accordingly, minimal induction of astigmatism and less astigmatism-related decrease of BCVA observed in the μLOT group would also be expected with the other MIGS procedures.
The limitations of the current study included the retrospective study design, analysis of the SIA at one postoperative time point, inclusion of various glaucoma types, inclusion of both phakic and pseudophakic eyes in the four surgical groups, and inclusion of eyes with and without laser suture lysis of the scleral flap in the filtration surgery group. Since the WTR astigmatism seen up to 3 months postoperatively with LEC shifted to against-the-rule astigmatism 6 months postoperatively and later, 6, 7 our observation might change if we assess the SIA at different time points. Since no effects of laser suture lysis 3 or lens status (phakic or pseudophakic) 9 on the SIA have been reported previously, we believe that our study design was reasonable to compare the character of the SIA in the early postoperative period after glaucoma surgeries.
